Understanding the degree of leg stiffness during human movement would provide important information that may be used for injury prevention. In the current study, we investigated bilateral differences in leg stiffness during one-legged hopping. Ten male participants performed one-legged hopping in place, matching metronome beats at 1.5, 2.2, and 3.0 Hz. Based on a spring-mass model, we calculated leg stiffness, which is defined as the ratio of maximal ground reaction force to maximum center of mass displacement at the middle of the stance phase, measured from vertical ground reaction force. In all hopping frequency settings, there was no significant difference in leg stiffness between legs. Although not statistically significant, asymmetry was the greatest at 1.5 Hz, followed by 2.2 and 3.0 Hz for all dependent variables. Furthermore, the number of subjects with an asymmetry greater than the 10% criterion was larger at 1.5 Hz than those at 2.2 and 3.0 Hz. These results will assist in the formulation of treatment-specific training regimes and rehabilitation programs for lower extremity injuries.
During hopping and running, human legs exhibit characteristics similar to those of a spring. In these movements, the musculoskeletal structure of the legs is often modeled with a spring-mass model, which consists of a body mass and a linear leg spring supporting the body mass. 1, 2 Stiffness of the leg spring (leg stiffness) plays an important role in loading rate during hopping and running. Indeed, several studies suggest that a stiffer musculoskeletal system is more advantageous than a compliant system given that in situations where acute strain is applied to the lower extremity, stiffer muscles are better able to counteract deleterious forces and shield the ligaments from bearing the full responsibility of joint stability. [3] [4] [5] [6] [7] Thus, a better understanding of leg stiffness regulation would aid in the development of more effective injury prevention methods and rehabilitations in sports activities.
Despite the fact that many athletic activities are performed in a unilateral fashion, little is known about bilateral differences in leg stiffness. Several studies have suggested that the asymmetrical loading between legs may be an injury risk factor for injury. [8] [9] [10] [11] [12] Recently, Bryant et al 3 compared leg stiffness in the anterior cruciate ligament (ACL) reconstruction limb and contralateral limb during hopping at 2.2 Hz. Leg stiffness was significantly higher in the involved limb than in the noninvolved limb, suggesting a protective mechanism mediated by neuromuscular control. Similarly, recent studies reported that a greater magnitude of interlimb asymmetry in leg stiffness during hopping may increase the potential risk for injury. 13, 14 Although these findings reported that bilateral difference in leg stiffness during hopping was around 10%, 13, 14 all of these studies investigated bilateral differences in leg stiffness during one-legged hopping only at 2.2 Hz, which is the preferred hopping frequency in humans. 7, [15] [16] [17] Thus, it remains unclear if this asymmetry exists or changes at other hopping frequencies.
The purpose of this study was to more extensively investigate the effect of hopping frequency on bilateral differences in leg stiffness. We used a one-legged hopping task, which involved typical spring-like behavior of the legs. According to a previous study, asymmetry in ground reaction force (GRF) between the legs during walking becomes obvious when the walking speed is lower or higher than the preferred speed. 18, 19 Therefore, we hypothesized that asymmetry in leg stiffness between legs would increase at frequencies lower or higher than the preferred hopping frequency. 
Methods

Participants
Task and Procedure
Before the experiment, all participants determined their dominant leg (DL) and nondominant leg (NDL). Ball kicking was used to determine limb dominance. Participants were asked to identify the leg with which they preferred to kick a ball. The limb used to kick the ball was identified as the dominant leg. All participants selected their right (DL) and left leg (NDL) for ball kicking and support limb, respectively.
Participants were instructed to hop on a force plate (9287A; Kistler Japan Co., Ltd., Tokyo, Japan) with barefoot; the vertical GRF was recorded at 1 kHz. All participants performed unilateral hopping in place with their arms akimbo. The hopping frequency was set at 1.5, 2.2, or 3.0 Hz using a digital metronome. In the current study, frequencies of 1.5 and 3.0 Hz represent the broadest possible range for the subjects to follow the metronome beat. Because different contact time instructions can affect stiffness regulation during hopping at a given hopping frequency, 20 the participants were asked to hop with as short a contact time as possible. Before data collection, all participants were instructed to practice until they felt comfortable with the task (it ranged from 3 to 4 min). According to their subjective impression, this practice session was enough to get used to the task. The order in which each leg performed the hopping at each of the 3 frequencies was randomly assigned (random counterbalanced design).
Data Collection and Analysis
Five consecutive hops, from the sixth to the 10th of 15 hops, were used for analysis. Actual hopping frequency, ground contact, and aerial time were determined using GRF measurements.
Leg stiffness was calculated using the spring-mass model, as described in a previous study. 1 During hopping, GRF peaks and leg compression coincide in the middle of the ground contact phase. At this point, leg stiffness can be calculated as the ratio of maximal vertical GRF to peak leg compression. 1, [21] [22] [23] Leg compression is equal to the maximum vertical displacement of the center of mass (COM) during ground contact. The vertical total body COM displacement was calculated by integrating the vertical acceleration twice. Vertical acceleration of the COM was obtained by subtracting the gravitational acceleration from the vGRF-time curve divided by the subject's body mass. Then, vertical velocity of the subject's total body COM was calculated by integrating the vertical acceleration with respect to time (integration interval of 0.001 s). Initial velocity was determined from aerial time. Consequently, vertical displacement of COM during ground contact was calculated by integrating the vertical velocity-time curve. Because a subject's body size influences the stiffness value, 24 leg stiffness was divided by the subject's body mass.
The percentage asymmetry, which was defined as the absolute value of the difference between the left and right legs, was calculated for 5 dependent variables, as described previously. 14 This definition of percentage asymmetry removed any directional bias from the data, thus permitting comparison between the legs.
Statistics
To determine the effect of hopping frequency on bilateral differences in leg stiffness, two-way repeated measures analysis of variance (ANOVA) was performed. The dependent variables were contact time, aerial time, leg stiffness, peak force, and COM displacement. To assess assumptions of variance, Mauchly's Test of Sphericity was performed for all ANOVAs. If assumptions were violated, Greenhouse-Geisser corrections were used to adjust the degrees of freedom. A Bonferroni post hoc multiple comparison test was performed if a significant main effect was observed. Because there were 5 ANOVAs in total, the alpha level was set at 0.01 (0.05/5). Furthermore, we calculated effect size (ES) and statistical power for each ANOVA.
One-way repeated measure ANOVA and Bonferroni post hoc multiple comparison test were performed to compare the percentage asymmetry for the 5 dependent variables at 3 frequencies. Statistical significance was set at P < .01. SPSS for Windows software (Version 11.0.1J, SPSS Inc.) was used for all statistical analyses. In addition, some studies suggested that bilateral difference in leg stiffness during hopping at 2.2 Hz was around 10%. 13, 14 Therefore, we used the asymmetry criterion if the mean values of percentage asymmetry for the 5 dependent variables were within 10%.
Results
Actual Hopping Frequency, Contact Time, and Aerial Time
In all conditions, the actual hopping frequencies of the subjects were within 5% of the designated metronome frequency. Contact time and aerial time for the 3 hopping conditions are presented in Table 1 . There was a significant main effect of hopping frequency on contact time (F (1.24, 11.15) = 329.61, P < .001, ES = 0.97). In both legs, ground contact time was the shortest at 3.0 Hz, followed by 2.2 Hz and then 1.5 Hz (P < .01 for all frequencies; Table 1 ). However, there was no significant main effect of limb dominance (F (1, 9) = 0.13, P = .723, ES = 0.02) or hopping frequency × limb dominance interaction (F (1.15, 10.38) = 0.23, P = .678, ES = 0.03) on contact time.
Further, there was also a significant main effect of hopping frequency on aerial time (F (1.23, 11.15) = 90.48, P < .001, ES = 0.91), but the main effect of limb dominance was not significant (F (1, 9) = 0.17, P = .898, ES =0.02).
Aerial time was the shortest at 3.0 Hz, followed by 2.2 Hz and then 1.5 Hz (Table 1) . There was no significant hopping frequency × limb dominance interaction effect (F (1.28, 11.50) = 0.17, P = .747, ES = 0.02).
Leg Stiffness, Peak Force, and COM Displacement
During the hopping at 2.2 and 3.0 Hz, the legs were compressed from the moment of landing, and the GRF increased with COM displacement (Figure 1-A and B) . Except for 1.5 Hz, the GRF peaked at the moment of maximum COM displacement, and subsequently the GRF decreased with extension of the leg until takeoff.
There was a significant main effect of hopping frequency on leg stiffness (F (2, 18) = 154.65, P < .001, ES = 0.95). In both legs, stiffness increased with an increase in hopping frequency (P < .01 for all frequencies; Table  1 ). However, there was no significant main effect of limb dominance (F (1, 9) = 8.49, P = .17, ES = 0.49) or hopping frequency × limb dominance interaction (F (2, 18) = 3.12, P = .069, ES = 0.26) on leg stiffness.
Peak force (Table 1 ) and COM displacement (Table  1 ) both displayed a significant main effect on hopping frequency (peak force: F (1.59, 14.29) = 21.94, P < .001, ES = 0.71; COM displacement: F (1.10, 9.89) = 148.87, P < .001, ES = 0.94). In both legs, the peak force at 1.5 Hz was significantly smaller than that at 3.0 Hz (P < .001 for both). COM displacement was the smallest at 3.0 Hz, followed by 2.2 Hz and then 1.5 Hz (Table 1 , P < .001 for all frequencies). There were no significant main effects of limb dominance (peak force: F (1, 9) = 1.14, P = .315, ES= 0.11; COM displacement: F (1, 9) = 5.32, P = .046, ES = 0.38) or hopping frequency × limb dominance interaction (peak force: F (1.01, 9.13) = 1.21, P = .300, ES = 0.12; COM displacement: F (1.27, 11.42) = 4.85, P = .042, ES = 0.35).
Asymmetry in Spring-Mass Parameters
On average, the mean percentage asymmetry was the greatest at 1.5 Hz, followed by 2.2 and 3.0 Hz for all dependent variables (Figure 2) . However, statistical analyses revealed that there was no significant main effect of hopping frequency on the asymmetry in the 5 parameters (contact time: F (2, 18) = 2.26, P = .133, ES = 0.20; aerial time: F (1.39, 11.48) = 6.69, P = .019, ES = 0.43; leg stiffness: F (2, 18) = 0.63, P = .542, ES = 0.07; peak force: F (1.24, 11.14) = 1.851, P = .203, ES = 0.17; COM displacement: F (2, 18) = 2.00, P = .164, ES = 0.18). Figure 2 also shows the number of subjects with asymmetry greater than 10% for each variable (number in parentheses). For all dependent variables, the number of subjects with asymmetry greater than 10% was larger at 1.5 Hz than at 2.2 and 3.0 Hz.
Discussion
The purpose of this study was to investigate the effect of hopping frequency on bilateral differences in leg stiffness. No significant differences were observed in hopping mechanics parameters between the NDL and DL at the 3 hopping frequency settings (Table 1) . Furthermore, there was no significant main effect of hopping frequency on the percentage asymmetry in all parameters, including leg stiffness (Figure 2 ). These findings are contrary to our initial hypothesis that asymmetry in leg stiffness would increase at frequencies lower or higher than the preferred hopping frequency.
According to previous studies, asymmetry in the GRF between legs during walking becomes obvious when the walking speed is lower or higher than the preferred speed. 18, 19 However, in the current study, hopping frequency did not influence the percentage asymmetry in hopping mechanics (Figure 2 ). The cause of this discrepancy remains unclear, but it may indicate that humans have different neuromuscular locomotor systems for these 2 types of gait, as different biomechanical models were used (inverted pendulum model for walking and springmass model for bouncing gaits. 25 In the current study, the mean percentage asymmetry in leg stiffness at 1.5-3.0 Hz ranged from 12.7 to 8.9% (Figure 2) . These results are in accordance with some recent findings 13, 14 but not others. 26 The reason for this discrepancy may involve methodological differences. Both Clark 13 and Watsford et al 14 reported that bilateral difference in leg stiffness during hopping at 2.2 Hz was around 10%. On the other hand, Flanagan & Harrison 26 demonstrated that the relative differences in leg spring stiffness between the legs were below 2%. Both Clark 13 and Watsford et al 14 calculated the leg stiffness during unilateral hopping. However, Flanagan & Harrison 26 computed leg spring stiffness during a rebound jump on a force sledge apparatus in which the subject was instructed to perform 4 repeated rebound jumps with 1 leg at maximal effort. In their study, the rebound frequencies were lower than 1 Hz (estimated from Figure  2 in their study). Unlike natural jumps, the sledge jump system cannot completely simulate natural leg-spring behavior due to the lack of freedom of movement in the involved joint. 27, 28 The current study is similar to the studies of Clark 13 and Watsford et al 14 in that the subjects were instructed to perform unilateral hopping at a constant frequency set by a metronome. Thus, it seems likely that the above methodological differences led to different mean percentage asymmetries in the 2 studies.
Several studies have suggested that asymmetrical loading between legs may be a risk factor for injury. [8] [9] [10] [11] [12] Furthermore, increased leg spring stiffness has been shown to be involved in soft tissue injury prevention and rehabilitation. [3] [4] [5] [6] [7] Thus, an increased understanding of bilateral differences in leg stiffness would aid in the development of more effective injury prevention methods and rehabilitations in sports activities. In the current study, although the percentage asymmetry in hopping mechanics did not change with the hopping frequency (Figure 2 ), the number of subjects with an asymmetry greater than 10% was larger at 1.5 Hz than at 2.2 and 3.0 Hz for all dependent variables (Figure 2 ). Unilateral hopping exercise is commonly used as a part of plyometrics training programs. [29] [30] [31] Thus, our results suggest that individuals with suspected soft tissue injury (eg, ACL injury, joint instability, or laxity) and/or patients in initial recovery from these injuries should be encouraged not to participate in plyometric training regimes that include repetitive hopping at 1.5 Hz.
The current results are important when evaluating leg stiffness in biomechanical research. Previous studies analyzed only 1 side of the lower extremity wearing spring-loaded ankle-foot orthosis, without any attention to bilateral differences between the legs. 32, 33 Similarly, Hobara et al 34 also analyzed only 1 side of the leg-spring behavior during a 400-m sprint with the assumption that the time from takeoff of the leg on one side to touchdown of the leg on the other side is same at all times. Although these procedures simplified the data collection and analysis processes, relevant information supporting this notion was largely undescribed. As shown in Figure 2 , the mean percentage asymmetry in leg stiffness at 1.5-3.0 Hz ranged from 12.7 to 8.9%. Thus, under the present experimental conditions, symmetry in biomechanical measures between legs cannot be automatically presumed even in noninjured subjects.
The current study used the spring-mass model for evaluating leg stiffness. Although the model assumed that peak force and leg compression coincide in the middle of the ground contact phase, it was not necessarily the case at 1.5 Hz. This time difference indicates that the stiffness model does not completely describe the dynamics of the system. 21 Therefore, low frequency hopping may go beyond the validity range of these models, and additional factors (eg, damping) may come into play. At this frequency, we may have to consider the use of more detailed models of the leg, such as the elastic three-segment model, 35 biarticular muscles spring model, 36 or two-mass spring system, 37 for evaluating spring-like leg behavior and leg stiffness regulation in human movements.
In summary, the results of the current study suggest that, as evaluated in a one-legged hopping task, hopping humans exhibit approximately 10% asymmetry in leg stiffness over a wide range of hopping frequencies. However, the number of subjects with an asymmetry greater than the 10% criterion was larger at 1.5 Hz than at 2.2 and 3.0 Hz. These results should assist in the formulation of treatment-specific training regimes and rehabilitation programs for lower extremity injuries.
